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The role of the Forkhead transcription factor FOXO3a in processes that promote tumor metastasis is poorly
defined. Here, we show that depletion of FOXO3a from cancer cells leads to decreased tumor size specifically
due to attenuated invasive migration. During tumor progression, an increase in tumor mass is concomitant
with serum deprivation prior to tumor angiogenesis. We show that nuclear retention of FOXO3a due to serum
starvation results in greatly increased cancer cell invasion. Exploration of the mechanism by which FOXO3a
promotes invasive migration revealed that it induces the expression of matrix metalloproteinase 9 (MMP-9)
and MMP-13, both of which have been causally linked to the invasion and progression of numerous human
solid tumors. Our results link Forkhead transcription factors to a previously unexplored function in cancer
progression by promoting extracellular matrix degradation, allowing tumors to invade neighboring tissues and
ultimately metastasize to distant organs.

The inception and progression of human cancer is a com-
plex, multistep process in which tumor cells acquire the ability
to overcome the restraints imposed by normal surrounding
tissue. With increasing tumor mass, cancer cells invade neigh-
boring tissues and the vasculature and ultimately metastasize
to distant organs. Invading cells switch from a proliferative to
an invasive phenotype. In this context, it has been shown that
the serine/threonine kinase Akt/protein kinase B (PKB) con-
tributes to cell proliferation but, depending on the specific Akt
isoform, can either enhance or block cell invasive migration in
vitro and in vivo (18, 27, 41). Processes that drive metastasis
are governed by the pattern of expression of genes which
provide selective advantages to overcome the adverse growth
conditions (hypoxia, oxidative stress, nutrient restriction) as-
sociated with the expanding tumor mass. Equally important
are genes and gene products which promote increased tumor
cell motility and invasion (42). One major class of gene prod-
ucts which alters the migratory and invasive capacity of tumor
cells is matrix metalloproteinases (MMPs). MMPs can proteo-
lyze extracellular matrix (ECM) molecules and also cleave
precursor forms of growth factors. Numerous studies in vitro
and in vivo have revealed multiple crucial functions for MMPs
in the progression of human cancers, such as the regulation of
invasion and angiogenesis (11, 13, 37) or the induction of
genomic instability (34). Especially, increased expression of the
MMPs MMP-9 and MMP-13 has been causally linked to the
invasion and progression of numerous human solid tumors

(13). However, the precise nature of specific signaling path-
ways which control induction of MMPs in cancer cells and thus
contribute to tumor cell invasion into neighboring tissue and
eventually to metastasis has remained largely elusive.

Forkhead transcription factors have been causally linked to
multiple cellular processes which are often derailed in human
cancer cells. Specifically, regulation of the cell cycle and pro-
grammed cell death as well as the activation of DNA repair
and reactive oxygen species detoxification pathways and regu-
lation of longevity have all been shown to be under the control
of one or more of the members of the Forkhead family (7, 15,
31, 39). The Forkhead family consists of the three members,
FOXO1a/FKHR, FOXO3a/FKHRL1, and FOXO4/AFX. In
proliferating cells, the transcriptional activity of FOXO1,
FOXO3a, and FOXO4 is under the control of signal relay
pathways initiated by growth factors, such as insulin and insu-
lin-like growth factor 1 (IGF-1), which culminate in the phos-
phorylation of FOXOs (7). As an example, FOXO3a is active
in cells subjected to serum deprivation (28) and is phosphory-
lated in response to IGF-1 by Akt and serum- and glucocorti-
coid-induced kinase 1 (SGK1) in a phosphoinositide 3-kinase
(PI 3-K)-dependent manner (4, 6). Phosphorylation of FOXO3a
by Akt in the nucleus blocks transcriptional activity by promot-
ing nuclear export of the transcription factor. This export is
mediated by 14-3-3 protein binding, which also facilitates cy-
toplasmic retention, thus blocking reimport into the nucleus
(5). In addition to Akt, I�B kinase (IKK) has also been shown
to inhibit FOXO3a activity by direct phosphorylation (17).
Although FOXO transcription factors are known to be regu-
lated by oxidative stress and serum deprivation, their role in
modulating cellular responses to such stresses is incompletely
understood (22, 29).

The Forkhead transcription factor FOXO3a is a suppressor
of primary tumor growth and is negatively regulated by growth
factors (1, 4, 6, 32, 42). However, during tumor progression, an

* Corresponding author. Mailing address: Mayo Clinic, Griffin Build-
ing, Rm. 306, 4500 San Pablo Road, Jacksonville, FL 32224. Phone: (904)
953-6909. Fax: (904) 953-0277. E-mail: storz.peter@mayo.edu.

‡ Present address: Peter MacCallum Cancer Centre, East Mel-
bourne, Vic 3002, Australia.

† Supplemental material for this article may be found at http://mcb
.asm.org/.

� Published ahead of print on 29 June 2009.

4906



increase in tumor mass is concomitant with serum deprivation
prior to tumor angiogenesis (3, 17). Here, we show that such
serum restriction leads to FOXO3a-dependent induction of
MMP-9 and MMP-13 and that the expression of these genes
increases the invasive potential of tumor cells. This implicates
an entirely novel function for FOXO3a in modulating cancer
progression by promoting tumor cell invasion.

MATERIALS AND METHODS

Cell culture, antibodies, expression plasmids, and reagents. HeLa and MDA-
MB-435 cell lines were purchased from ATCC (Manassas, VA) and maintained
in high-glucose Dulbecco’s modified Eagle medium (HeLa) or low-glucose Dul-
becco’s modified Eagle medium (MDA-MB-435), supplemented with 10% fetal
bovine serum. The anti-Akt/PKB antibody was obtained from Santa Cruz (Santa
Cruz, CA), anti-FOXO1, anti-FOXO4, anti-cleaved caspase 3, and anti-MMP-9
were obtained from Cell Signaling (Danvers, MA), and anti-MMP-13 for immu-
nohistochemistry (IHC) analysis was obtained from Calbiochem (Gibbstown,
NJ) or, for Western blotting, from Abcam (Cambridge, MA) and Oncogene (San
Diego, CA). Anti-Ki67 was obtained from Dako (Carpinteria, CA), anti-
FOXO3a for chromatin immunoprecipitation (ChIP) was obtained from Abcam
(Cambridge, MA) or, for IHC analysis, from Cell Signaling, and anti-MMP-9 was
obtained from EMD Biosciences (San Diego, CA). The secondary goat anti-
mouse immunoglobulin G(H�L) [IgG(H�L)] Cy2-conjugated and donkey anti-
rat IgG(H�L) Cy3-conjugated antibodies were obtained from Jackson Labora-
tories (West Grove, PA). DAPI (4�,6-diamidino-2-phenylindole) and gelatin
were obtained from Sigma (St. Louis, MO). Purified recombinant MMP-9 and
MMP-13 were obtained from AnaSpec (San Jose, CA). CyQUANT was obtained
from Molecular Probes/Invitrogen (Carlsbad, CA). SuperFect (Qiagen, Valen-
cia, CA), TransIT-HeLaMonster (Mirus, Madison, WI), or nucleofection
(Amaxa, Gaithersburg, MD) was used for transient transfections, according to
the manufacturer’s instructions. The MMP-9/MMP-13 inhibitor I [N-hydroxy-1-
(4-methoxyphenyl)sulfonyl-4-(4-biphenylcarbonyl)piperazine-2-carboxamide]
was obtained from EMD Biosciences (Gibbstown, NJ). Amino-terminal hemag-
glutinin (HA)-tagged human FOXO3a, FOXO3a.TM cloned into pECE, and the
Forkhead response element (FHRE) reporter have been described (4). Reporter
gene plasmids were generously provided by M. Seiki (MMP-9) and R. Loeser
(MMP-13). The FOXO3a binding motif (Daf-16 family member binding element
[DBE]) in the MMP-13 promoter was mutated using 5�-AGTCGCCACGTAA
GCATGATAACCTTCAAGTGACTAGGA-3� and 5�-TCCTAGTCACTTGA
AGGTTATCATGCTTACGTGGCGACT-3� (motif at �123) and, in the
MMP-9 promoter, using 5�-CTGACCTGGGAGGGGGTGAAGCAAAAGGC
CAAGGATGGG-3� and 5�-CCCATCCTTGGCCTTTTGCTTCACCCCCTCC
CAGGTCAG-3� (motif at �466), 5�-CCTGAGTCAGCACTTGCCTCTCAAG
GAGGGGTGGGGTCA-3� and 5�-TGACCCCACCCCTCCTTGAGAGGCAA
GTGCTGACTCAGG-3� (motif at �82), and 5�-GAGAGAGGAGGAGGTGG
TGAAAGCCCTTTCTCATGCTGG-3� and 5�-CCAGCATGAGAAAGGGCT
TTCACCACCTCCTCCTCTCTC-3� (motif at �183) as primer sequences.
Mutagenesis was carried out using the QuikChange strategy (Stratagene). Histo-
Array slides (IMH-368 and IMH-364) were obtained from Imgenex (San Diego,
CA). The FOXO3a silencing sequences cloned in pSUPER were described
elsewhere (38). A second FOXO3a silencing sequence was cloned into pSUPER
using the following primer sequences: 5�-GATCCCCCAAGTATACCAAGAG
CCGTTTCAAGAGAACGGCTCTTGGTATACTTGTTTTTGGAAA-3� and
5�-AGCTTTTCCAAAAACAAGTATACCAAGAGCCGTTCTCTTGAAACG
GCTCTTGGTATACTTGGGG-3�. FOXO3a silent mutations for rescue exper-
iments were obtained by site-directed mutagenesis using the following primer
sequences: 5�-AGGGTTGATGATCCACCAGTTGCTCTTGCCAGTTCCCT
C-3� and 5�-GAGGGAACTGGCAAGAGCAACTGGTGGATCATCAACCC
T-3�. Lentiviral short hairpin RNA (shRNA) expression constructs to silence
human FOXO3a were obtained from the Mayo Clinic RNA Interference Tech-
nology Resource. The shRNA sequences used for lentiviral silencing of human
FOXO3a were 5�-CCGGCTCCTTTAACAGCACGGTGTTCTCGAGAACAC
CGTGCTGTTAAAGGAGTTTTTG-3� and 5�-CCGGGTCACTGCATAGTC
GATTCATCTCGAGATGAATCGACTATGCAGTGACTTTTTG-3�. The lenti-
viral shRNA expression system we used to knock down MMP-9 and MMP-13
expression is commercially available from Sigma (Mission shRNA plasmid
DNA).

3-D cell culture assays. Three-dimensional (3-D) analysis of morphology was
performed, as described previously (35). In brief, cell culture dishes (24-well
plates) were precoated with undiluted, phenol red-free Matrigel (10 mg/ml). A

total of 104 cells per well were suspended in a volume of 200 �l phosphate-
buffered saline (PBS) and mixed with 100 �l of cold Matrigel (10 mg/ml). Cells
were washed three times with PBS. The cell suspension was added dropwise over
the bottom layer to cover it. After the cell layer was set completely, culture media
were added on top. Media were changed every 2 days, without disturbing the
cell/matrix layer. Photos were taken after 10 days using 10� magnification for an
overview and 40� magnification to document the structure.

Immunoblotting. Cells were lysed in RIPA buffer (10 mM sodium phosphate
[pH 7.2], 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate
[SDS], 150 mM NaCl, 2 mM EDTA [pH 7.4], 50 mM sodium fluoride) plus the
protease inhibitor cocktail (Sigma). Culture media were collected and concen-
trated using Centricon YM-10 obtained from Millipore (Bedford, MA). Lysates
of cells and culture media were used for immunoblot analysis.

Orthotopic animal model. Mice (female, nu/nu) were anesthetized, and breast
carcinoma cell clones were injected subcutaneously into the mammary gland fat
pad in the upper thorax region between the clearly visible nipples of the second
and third mammary glands on the right side of each animal. For each injection,
a total of 106 cells, washed three times with PBS and mixed with 30 �l of ECM
(complete Matrigel without phenol red; BD Biosciences), were used. The length,
width, and depth of the tumors were measured once a week (starting from
week 2). At week 8, primary tumors were removed and analyzed, as indicated.

Invasion assays. Invasion assays were performed, as previously described (19),
using Transwell chambers coated with Matrigel (Fisher, Pittsburgh, PA). Briefly,
cells were cotransfected with the constructs of interest and a �-galactosidase
(�-Gal) reporter plasmid [pCS2-(n)�-Gal] at a ratio of 5:1. Inserts of Transwell
plates were coated with Matrigel (2 �g/well), dried overnight, and rehydrated for
1 hour with 40 �l tissue culture media. A total of 24 h after transfection, cells
were harvested, washed once with media containing 1% bovine serum albumin
(BSA), resuspended in media containing 0.1% BSA (1 � 106/ml), and seeded on
Transwells (100,000 cells). NIH 3T3-conditioned medium served as the chemoat-
tractant in the lower chamber of the Transwell. The remaining cells were used to
analyze the transfection efficiency and expression of proteins of interest. After
16 h, cells on top of the Transwell insert were removed, and cells that had
migrated to the lower surface of the filters were fixed in 4% paraformaldehyde
and stained with Bluo-Gal (Invitrogen). �-Gal-positive cells were counted, and
the mean result from triplicates for each experimental condition was used as a
percentage of invasion relative to the control.

Zymography. Zymography was performed, as previously described (24).
Briefly, 72 or 96 h after transfection, culture media were harvested and concen-
trated using Centricon YM-10. Samples were mixed with 2� loading buffer
(50 mM Tris-HCl [pH 6.8], 10% [vol/vol] glycerol, 1% [wt/vol] SDS, 0.01%
[wt/vol] bromophenol blue) and resolved on an SDS-polyacrylamide gel contain-
ing 0.12 mg/ml gelatin (porcine skin type A; Bloom 300). Gels were soaked for
1 h in 2.5% Triton X-100, then washed twice with collagenase buffer (50 mM
Tris-HCl [pH 7.6], 0.2 M NaCl, 5 mM CaCl2, 0.2% Brij 35), and incubated at
37°C for 18 h. Gels were then washed with distilled water and incubated in
Coomassie brilliant blue staining solution (40% methanol, 10% acetic acid/
0.025% Coomassie brilliant blue R-250) at room temperature for 2 h. Gels were
then washed for 24 h in distilled water and scanned using an Agfa DuoScan
T1200 scanner.

Reporter gene assays. Cells were transiently cotransfected with reporters for
FOXO3a (FHRE-luc), MMP-9 [MMP-9-(�670)-luc], or MMP-13 [MMP-13-
(�1600)-luc] (5 �g), 1 �g pCS2-(n)�-Gal, and the cDNA of interest (1 �g) using
SuperFect (Qiagen). A total of 24 h after transfection, assays for luciferase and
�-Gal activity were performed on total cell lysates and measured on a luminom-
eter. Luciferase activity was normalized to �-Gal activity. Protein expression was
controlled by immunoblot analysis.

RNA interference (RNAi). (i) Vector-based siRNA. The sequences chosen to
silence the expression of human FOXO3a for small interfering RNA (siRNA)
were specific, as judged by BLASTn searches of all the GenBank, RefSeq nu-
cleotides, EMBL, DDBJ, and Protein Data Bank sequences and of the human
subset of GenBank, EMBL, and DDBJ sequences. HeLa cells were transfected
with pSUPER or pSUPER.RNAi using the TransIT-HeLaMonster reagent (Mi-
rus), and MDA-MB-435 cells were transfected using the Nucleofector kit T from
Amaxa. In all experiments, the cells were transfected at 30% confluence. Trans-
fection efficiencies (95 to 100%) were controlled using a green fluorescent pro-
tein (GFP) expression vector. For reporter gene assays, genes of interest were
transfected in a second transfection using SuperFect after 24 h. Experiments
were performed 48 h after the initial transfection. Reduced expression of target
proteins was evaluated by reverse transcription-PCR (RT-PCR) or immunoblot-
ting.

(ii) Lentiviral shRNA expression. The lentiviral shRNA expression system we
were using to knock down FOXO3a, MMP-9, and MMP-13 expression is com-
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mercially available from Sigma (Mission shRNA plasmid DNA). The ViraPower
lentiviral expression system (Invitrogen) was used for an optimized mix of pack-
aging plasmids, which supplies the structural and replication proteins that were
required to produce lentivirus in 293FT cells.

ChIP assay. Cells were washed twice with PBS at room temperature and
resuspended (20 � 106 cells/40 ml). Formaldehyde was added to a final concen-
tration of 1%, and samples were incubated at room temperature for 10 min.
Cross-linking was terminated by adding glycine to a final concentration of
0.125 M. Cells were pelleted (12,000 rpm, 5 min) and washed once with ice-cold
PBS. Cells were resuspended in 6 ml lysis buffer (5 mM PIPES [pH 8.0], 85 mM
KCl, 0.5% NP-40, protease inhibitor cocktail). Crude nuclear extracts were
collected by microcentrifugation (2,000 rpm, 5 min) and washed with PBS, and
the pellet was resuspended in 2 ml high-salt buffer (0.5% sodium deoxycholate,
0.1% SDS, and 1% NP-40, all in PBS). Samples were sonicated on ice. Extracts
were centrifuged (15 min, 10,000 rpm, 4°C) and precleared with protein A/G
beads. The protein concentration of the supernatant (chromatin) was deter-
mined, and 4 mg protein and 25 �g primary antibody (i.e., anti-FOXO3a) were
used for immunoprecipitations. Immunoprecipitates were analyzed by PCR us-
ing the primers 5�-TCTACCACAAACCACACTCGGGAG-3� and 5�-GAGT
CATCACTTATGGATAGGTTT-3� to amplify a 103-bp fragment of the
MMP-13 promoter corresponding to the potential FOXO3a binding site.

Immunofluorescence. (i) HistoArrays. The human uterine cervix (IMH-368/
CZA1) and human breast (IMH-364/CBA2) tissue array slides were purchased
from Imgenex (San Diego, CA). Deparaffinization, hydration, and antigen re-
trieval (autoclave method) of tissue array slides were performed, according to the
manufacturer’s protocol. Slides were blocked with PBS containing 4% normal
goat serum, 3% BSA, and 0.05% Tween 20 for 30 min at room temperature. For
DAPI staining, cells were washed three times in DAPI buffer (100 mM NaCl,
10 mM EDTA, 10 mM Tris [pH 7.0]) and incubated for 1 h at 37°C with 0.1
�g/ml DAPI. Cells were then washed three times in DAPI buffer. The coverslips
were then incubated with the primary antibody diluted in blocking solution
(1:2,000 for MMP-13 [mouse]; 1:2,000 for FOXO3a [rabbit]) overnight at 4°C.
Cells were then washed five times with PBS and incubated with the secondary
antibody diluted in PBS-3% BSA (goat anti-rabbit IgG Cy2-conjugated antibody,
1:400; goat anti-mouse IgG Cy3-conjugated antibody, 1:400) for 2 h. After being
extensively washed in PBS, coverslips were mounted in Gel Mount (Biomeda,
Foster City, CA) and examined.

(ii) Cells. Cells were transfected (5 �g DNA) and, 24 h after transfection,
plated on glass coverslips at a density of 120,000 per well in a six-well plate. The
next day, cells were stimulated, washed twice with PBS, and fixed in 3.5%
paraformaldehyde (15 min, 37°C). Following permeabilization (0.1% Triton
X-100 for 10 min), cells were blocked with PBS containing 3% BSA and 0.05%
Tween 20 for 30 min at room temperature. Coverslips were then incubated with
anti-FOXO3a antibody diluted in PBS-3% BSA (1:2,000) overnight at 4°C. Cells
were then washed five times with PBS and incubated with the secondary antibody
diluted in PBS-3% BSA (goat anti-rabbit Cy3-conjugated antibody, 1:400) for
2 h. After being extensively washed in PBS, coverslips were mounted and exam-
ined.

RT-PCR. Cellular mRNA isolation was performed using RNA-Bee (Tel-Test,
Friendswood, TX), according to the manufacturer’s instructions, and was tran-
scribed into cDNA using SuperScript II (Invitrogen, Carlsbad, CA). For the
transcription reaction, 1 �g oligo (dT)18 primer (New England Biolabs, Beverly,
MA) and 1 �g RNA were incubated in a total volume of 10 �l H2O at 70°C for
10 min. Buffer (5�), 40 U RNasin (Roche, Mannheim, Germany), 200 �M
deoxynucleoside triphosphate (NEB), 10 mM dithiothreitol, and 300 U Super-
Script II reverse transcriptase were then added to a total volume of 20 �l. The
reaction was carried out at 45°C for 60 min and then heat inactivated at 95°C for
5 min. The resulting cDNA pool was subjected to PCR analysis using the
following primer sequences: for human FOXO3a oligonucleotides (product size,
591 bp), 5�-TTCAAGGATAAGGGCGACAG-3� and 5�-CAGGTCGTCCATG
AGGTTTT-3�; for human MMP-13 oligonucleotides (product size, 340 bp),
5�-GTCTGGCGTTTTTGGATGTT-3� and 5�-TAAGGAGCATGGCGACTTC
T-3�; for human MMP-9 oligonucleotides (product size, 394 bp), 5�-CATCGTC
ATCCAGTTTGGTG-3� and 5�-GCCTTGGAAGATGAATGGAA-3�; for hu-
man MMP-1 oligonucleotides (product size, 334 bp), 5�-GATGGGAGGCAAG
TTGAAAA-3� and 5�-CTGCTTGACCCTCAGAGACC-3�; for human MMP-2
oligonucleotides (product size, 305 bp), 5�-GTCCACTGTTGGTGGGAACT-3�
and 5�-TGATGTCATCCTGGGACAGA-3�; and for human MMP-3 oligonu-
cleotides (product size, 415 bp), 5�-CCAGGTGTGGAGTTCCTGAT-3� and
5�-TGAAAGAGACCCAGGGAGTG-3�. The reaction conditions used for the
PCR were as follows: 1 min of annealing at 55°C and 1 min of amplification at
72°C for 30 cycles.

RESULTS AND DISCUSSION

Knockdown of FOXO3a decreases tumor size. To determine
if FOXO3a functions during tumor expansion, we used an
orthotopic mouse model for breast cancer that we injected with
normal control MDA-MB-231 cells or MDA-MB-231 cells de-
pleted of FOXO3a into the mammary fat pad of nude mice.
The injection of two distinct cell lines containing different
sequences of shRNA for FOXO3a resulted in tumors of
smaller volume and weight than tumors resulting from injec-
tion of the control (scrambled shRNA) cells (Fig. 1A and B).
A detailed analysis of the cells injected into the nude mice
revealed that FOXO3a expression was knocked down to un-
detectable levels (Fig. 1C). The decrease of tumor size upon
FOXO3a silencing is at odds with some of the currently pub-
lished literature, which has shown that expression of FOXO3a
negatively regulates tumor cell proliferation. However, silenc-
ing of FOXO3a in MDA-MB-231 cells did not alter the pro-
liferation rate, suggesting that the effects on tumor growth
are not impacted by this phenotype (Fig. 1D). Furthermore,
a detailed analysis of tumors generated with control or
FOXO3a-shRNA cells revealed that the knockdown of
FOXO3a had no significant effect on tumor cell proliferation
or apoptosis (Fig. 1E). In contrast, cells with FOXO3a shRNA
appeared to be packed in with higher density within tumors.

FOXO3a regulates cellular invasiveness and the ability to
form multicellular spheroids. The smaller and more-compact
tumors obtained upon FOXO3a silencing suggested that cells
may be compromised in their ability to degrade the ECM and
invade into surrounding tissues. This was tested by comparing
parental cells with FOXO3a-RNAi cells and their abilities to
form multicellular spheroids when grown in three-dimensional
cell culture. Interestingly, FOXO3a-RNAi cells formed only
very small aggregates, whereas control cells formed approxi-
mately tenfold-larger cell aggregates (Fig. 2A). This response
was even more robust after 16 days, when control cells showed
stellar outgrowth of invasive cells (Fig. 2B), whereas FOXO3a-
RNAi cells displayed less than a 10th of the size and no inva-
sive phenotype (Fig. 2B, inset). These data clearly correlated
with the phenotype observed in vivo, suggesting that the loss of
FOXO3a leads to a reduction in cellular invasiveness and the
ability to degrade the ECM.

Tumor cells forming colonies in Matrigel are characterized
by increased invasive potential and secretion of MMPs. To
evaluate a potential role for FOXO3a-induced genes in tumor
cell invasion, we analyzed several cell lines in standard Matri-
gel chemoinvasion assays. We assessed the ability of HeLa cells
and MDA-MB-435 cells to invade Matrigel in a FOXO3a-
dependent manner. Depletion of FOXO3a in these cells re-
sulted in a significant decrease in invasive migration (Fig. 2C;
see also Fig. S1A in the supplemental material). The specificity
of FOXO3a siRNA was confirmed with a rescue approach,
using transfection of a human FOXO3a allele with three silent
mutations in the site targeted by the FOXO3a-specific siRNA
(see Fig. S1C in the supplemental material). A FOXO3a mu-
tant (FOXO3a.TM) mutated at three Akt/PKB phosphoryla-
tion sites is constitutively localized in the nucleus and consti-
tutively transcriptionally active (4). The expression of this
constitutively active FOXO3a.TM mutant potently increased
carcinoma cell invasion in both cell lines by approximately 4- to
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5-fold (Fig. 2D; see also Fig. S1B in the supplemental mate-
rial). In addition to the regulation of cell invasion, FOXO3a
also regulated cell migration (see Fig. S2 in the supplemental
material). These results implicate FOXO3a as a critical regu-
lator of cellular invasive migration in vitro.

Inducers of cellular stress such as oxidative stress and nutri-

ent availability are physiological activators of FOXO3a in can-
cer cells (16, 28). Serum deprivation induces both types of
stresses and FOXO3a activity (4) and, therefore, mimics events
which occur prior to the angiogenic switch. In vitro, serum
deprivation resulted in FOXO3a activation, as measured in a
reporter gene assay using an FHRE linked to luciferase (Fig.

FIG. 1. Knockdown of FOXO3a affects tumor size. (A, B) MDA-MB-231 cells were stably transfected with control shRNA or constructs
expressing two different FOXO3a-specific shRNA sequences. A total of 106 cells from each cell line were injected into the mammary fat pads of
eight nude mice. Tumor growth was monitored over 8 weeks, and tumor volume and weight were determined after removal of the tumor.
(C) Immunoblotting (anti-FOXO3a) was performed to demonstrate efficient knockdown of FOXO3a in the FOXO3a-RNAi cell lines. Actin
expression served as a positive control. �, anti. (D) Relative proliferation of all of the FOXO3a-RNAi or control clones was determined over 48 h
by using the CyQUANT reagent obtained from Molecular Probes. (E) Orthotopic tumors (control or FOXO3a RNAi) were immunohistochemi-
cally analyzed for cell proliferation (anti-Ki67) or apoptosis (anti-cleaved caspase 3).
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FIG. 2. FOXO3a regulates cancer cell invasion. (A) Stable MDA-MB-231 cell clones with either control RNAi or FOXO3a RNAi were grown
in 3-D culture with Matrigel for 10 days. The bar represents 200 �m. 3-D structures of cells were analyzed using 4� magnification. (B) Stable
MDA-MB-231 cell clones with either control RNAi (inset) or FOXO3a RNAi were grown in 3-D culture with Matrigel for 16 days. The bar
represents 100 �m. The arrows indicate cells invading into the surrounding Matrigel. Both the picture and inset were analyzed using 10�
magnification. (C) MDA-MB-435 cells were transfected with FOXO3a RNAi, and Matrigel invasion under normal growth conditions was
measured. Silencing of FOXO3a was measured using RT-PCR (not shown). (D) MDA-MB-435 cells were transfected with wild-type FOXO3a
(WT) or FOXO3a.TM (TM), and after 24 h, Matrigel invasion assays were performed. The expression of FOXO3a was controlled by immuno-
blotting using anti-HA (not shown). Ctrl, control. (E) MDA-MB-435 cells were transfected with a FOXO3a reporter gene (FHRE-luc), and
FOXO3a activity under normal growth or serum-starved conditions was determined by measuring luciferase activity. (F) MDA-MB-435 cells were
transfected with FOXO3a RNAi, and Matrigel invasion under normal growth or serum-starved conditions was measured using Transwell assays.
ns, not significant. (G) Lysates of MDA-MB-435 (M) or HeLa (H) cells were analyzed by Western blotting for expression of FOXO1, FOXO3a,
or FOXO4. The top panel is showing a short exposure (20 s) of the autoradiograph, and the bottom panel is showing a long exposure (15 min).
(H) Cells were cotransfected with control or FOXO3a RNAi and vector control or FOXO1. Matrigel invasion assays were performed. Error bars
shown in all experiments represent standard deviations. P values were acquired with the t test, using GraphPad software. P values indicate statistical
significance. All results are typical of three independent experiments.
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2E; see also Fig. S3 in the supplemental material). Serum
deprivation also promoted increased invasion through Matri-
gel, and this was quantitatively blocked by silencing FOXO3a
expression using siRNA in both MDA-MB-435 and HeLa cells
(Fig. 2F and data not shown). These data reveal that under
stress conditions which promote FOXO3a activation, FOXO3a

can promote tumor cell invasion, likely through the induction
of target genes specific for this transcription factor. Since
FOXO3a, FOXO1, and FOXO4 were recently shown to have
redundant functions (23), we analyzed the expression of both
proteins in MDA-MB-435 and HeLa cells. We found that in
both cell lines, FOXO3a is the predominant isoform, whereas

FIG. 3. FOXO3a regulates the expression of MMP-9 and MMP-13. (A) HeLa cells were transfected with vector control or FOXO3a.TM. After
16 h, mRNA was isolated, and the expression of MMP-1, MMP-2, MMP-3, MMP-9, and MMP-13 or actin was detected by RT-PCR. (B and C)
MDA-MB-435 cells were transfected with vector control (Ctrl), wild-type FOXO3a (WT), or FOXO3a.TM (TM) and MMP-9 (B) and MMP-13
(C) luciferase reporter and �-Gal reporter plasmids. Luciferase assays were performed to measure MMP-9/MMP-13 promoter and �-Gal activity.
(D and E) MDA-MB-435 cells were transfected with FOXO3a RNAi or vector control. After 24 h, cells were transfected a second time with
MMP-9 (D) or MMP-13 (E) and �-Gal reporter plasmids and either cultivated under normal growth conditions or serum starved. Luciferase assays
were performed to measure MMP-9/MMP-13 promoter and �-Gal activity levels. (F) HeLa cells were transfected with constitutively active
Akt/PKB (Akt.CA) or vector control and FHRE, MMP-9, or MMP-13 reporter plasmids, along with �-Gal. Luciferase assays were performed to
measure FOXO3a, MMP-9, and MMP-13 promoter or �-Gal activity. All results are typical of three independent experiments.
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FOXO1 and FOXO4 are expressed at very low to undetectable
levels (Fig. 2G). This also prompted us to test if these tran-
scription factors have overlapping functions in the regulation
of cell invasion. To test this, we ectopically introduced FOXO1
into tumor cells and analyzed its effect on cell invasion. We
found that FOXO1 increased tumor cell invasion similar to
FOXO3a. A similar phenotype was observed in FOXO3a
knockdown cells when FOXO1 was expressed, suggesting that
FOXO1 can rescue the decreased invasion observed when cells
are depleted of FOXO3a (Fig. 2H). Furthermore, expression
of FOXO1 efficiently rescued the knockdown of FOXO3a (Fig.
2H, compare the first, third, and fourth bars from the right).

FOXO3a regulates the expression MMP-9 and MMP-13.
The results on the formation of multicellular spheroids suggest
that the silencing of FOXO3a may be due to a defect in the
degradation of the ECM. MMPs are collagenases or gelati-
nases and are recognized as critical mediators of ECM degra-
dation in tumor progression (13, 37, 42). The balance of MMP
activity and their inhibitors, the tissue inhibitors of metallopro-
teinases (TIMPs), is responsible for tissue remodeling during
embryonic development, wound healing, and cell migration (9,
33). Similarly, alterations in the balance between MMPs and
TIMPs are characteristic of diverse pathological conditions
under which cellular migration and invasion are deregulated.
This is especially evident during carcinoma invasion and sub-
sequent metastasis. In most human cancers, MMP expression
and activity are increased, correlating with invasiveness and
poor prognosis (10). MMPs are expressed and secreted by both
types of tumor cells as well as the surrounding tumor stroma,
such as fibroblasts and infiltrating immune cells. Because
MMPs are widely recognized as critical mediators of tumor cell
invasion, we speculated that FOXO3a might promote cell in-
vasion and thus tumor expansion by induction of one or more
members of the collagenase family. We therefore evaluated
whether FOXO3a increases carcinoma invasion through MMP

induction. To test this, cells first were transfected with a con-
stitutively active FOXO3a.TM mutant or vector control and
analyzed for the expression of several MMPs by RT-PCR.
Expression of active FOXO3a significantly enhanced the ex-
pression of MMP-9 and MMP-13 but not MMP-1, MMP-2, or
MMP-3 (Fig. 3A). Moreover, both wild-type FOXO3a and
FOXO3a.TM increased MMP-9 and MMP-13 promoter acti-
vation, as measured in reporter gene assays (Fig. 3B and C; see
also Fig. S4A in the supplemental material). Similarly, serum
deprivation, which leads to the activation of endogenous
FOXO3a, induced MMP-9 and MMP-13 reporter gene activ-
ity, and this was blocked with FOXO3a-specific siRNA (Fig.
3D and E). It is likely that FOXO3a also regulates the expres-
sion of multiple MMPs or TIMPs. We focused on MMP-9 and
MMP-13 because both have been detected in tumor cells and
tissues. For example, it has been shown that MMP-13 is up-
regulated in injected cells of breast cancer xenografts (23).
Furthermore, MMP-13 expression has been identified in sev-
eral invasive neoplastic tumors, including breast carcinoma,
squamous cell carcinoma of the head and neck and vulva, and
primary and metastatic melanoma tumors (2). MMP-13 is pri-
marily detected at the invading front of cell carcinomas, and
this appears to correlate with the invasive and metastatic ca-
pacity of the tumor (21).

Since FOXO3a is negatively regulated by Akt, we next de-
termined if active Akt downregulates MMP-9 and MMP-13
expression. We found that a constitutively active allele of Akt
inhibited the basal induction of both MMPs (Fig. 3F). In this
context, Akt has been identified as a tumorigenic oncogene
which increases tumor cell proliferation and survival by phos-
phorylating FOXO3a and other substrates. However, recent
studies have also shown that whereas the Akt2 isoform is an
enhancer of cell migration and invasion in vitro and in vivo, the
related Akt1 isoform may function as an inhibitor of these
metastatic phenotypes (18, 27, 41). Our data suggest that the

FIG. 4. FOXO3a directly activates the MMP-13 promoter. (A) Cells were cultivated in the presence or absence of serum. FOXO3a/DNA
complexes were immunoprecipitated (anti-FOXO3a) after cross-linking, and precipitates were analyzed by PCR for the FOXO3a-bound MMP-13
promoter. A PCR for the MMP-13 promoter using the input DNA served as a control. (B) Cells were transfected with vector control (Ctrl.) or
FOXO3a.TM (TM) and MMP-13 DBE wild-type (wt) or MMP-13 DBE-mutated (mut) luciferase reporters and �-Gal reporter plasmids.
Luciferase assays were performed to measure MMP-13 promoter and �-Gal activity levels. Error bars shown represent standard deviations. P
values were acquired with the t test, using GraphPad software. P values indicate statistical significance. All results are typical of three independent
experiments.
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FIG. 5. FOXO3a induces MMP-9 and MMP-13 expression and activity. (A) MDA-MB-435 cells were transfected with vector control (Ctrl.),
wild-type FOXO3a (WT), or FOXO3a.TM (TM). Culture media were collected, and zymography was performed. (B) Culture media collected
from MDA-MB-435 cells transfected with vector control, wild-type FOXO3a, or FOXO3a.TM were analyzed by SDS-polyacrylamide gel
electrophoresis and immunoblot analysis using anti-MMP-9 and anti-MMP-13. �, anti. (C) Cells expressing FOXO3a RNAi were compared to
normal cells for MMP-9 (anti-MMP-9) or MMP-13 (anti-MMP-13) expression by Western blot analysis. Staining for actin (anti-actin) served as
a loading control. (D) Culture media of control cells or cells expressing FOXO3a RNAi were collected, and zymography was performed. (E) Cells
growing under serum starvation conditions and expressing control vector or constitutively active Akt were analyzed for MMP-9 (anti-MMP-9) or
MMP-13 (anti-MMP-13) expression by Western blotting. Staining for actin (anti-actin) or Akt anti-HA) served as loading or expression controls.
(F) Culture media of cells growing under serum starvation conditions and expressing control vector or constitutively active Akt were collected, and
zymography was performed.
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Akt substrate FOXO3a may also function as an inducer of cell
migration and invasion under conditions of serum starvation.
Tumor cells under conditions of low nutrient or growth factor
supply (mimicked by serum deprivation) may activate cell mo-
tility and inhibit proliferation.

FOXO3a regulates expression and activity of MMP-9 and
MMP-13. We next investigated if FOXO3a directly regulates
MMP-9 and MMP-13 expression through binding to specific
sites within the promoters. We analyzed the MMP-9 and
MMP-13 promoters for the FOXO3a DNA binding motif TT
GTTTAC (DBE), as previously described (14, 22). The
MMP-9 promoter did not contain this motif, suggesting that
FOXO3a leads to the expression of MMP-9 through an indi-
rect mechanism. This indirect activation of the MMP-9 pro-
moter could be mediated through other transcription factors,
such as SMAD3/4 or NF-�B, which may serve FOXO3a as a
cofactor. In contrast, ChIP analysis showed that in response to
FOXO3a activation, FOXO3a directly interacts with the
MMP-13 promoter (Fig. 4A). The MMP-13 promoter contains

an ideal DBE motif (ATGTTTAC at position �123); and a
reporter construct mutated at two bases within the DBE motif
(ATGTTTAC to ATGATAAC, T to A at positions �121 and
�119) resulted in complete inhibition of the induction of this
promoter after FOXO3a.TM overexpression (Fig. 4B). This
shows that FOXO3a regulates the MMP-13 promoter through
a direct binding event. We also analyzed other MMPs and
found potential DBE sites in their promoters. However, we
here focused on MMP-9 and MMP-13 because both have been
shown to be expressed and relevant in many cancers, including
breast cancer.

Metalloproteinase activity is regulated at the level of gene
transcription via synthesis of pro-MMPs and at the protein
level via activation of the proenzymes or by inhibition by
TIMPs (40). MMP-9 (gelatinase B), a member of the gelatin-
ase group, primarily proteolyzes gelatin but also collagen IV
and V, whereas MMP-13 (collagenase 3), a member of the
collagenase family, can cleave several collagen types (I, II, III,
IV, IX, X, XIV) as well as gelatin (36). To further analyze if

FIG. 6. MMP-9 and MMP-13 control cancer cell invasion through FOXO3a. (A) MDA-MB-435 cells were treated with MMP-9/MMP-13
inhibitor (5 nM). Matrigel invasion was measured under serum starvation conditions. (B) MDA-MB-435 cells were transfected with vector control,
wild-type FOXO3a (WT), or FOXO3a.TM (TM) and treated with MMP-9/MMP-13 inhibitor (5 nM). Matrigel invasion was measured. FOXO3a
expression was controlled by immunoblot analysis (not shown). (C) Cells were infected with lentiviral siRNA directed against MMP-9, MMP-13,
or both (as indicated). Matrigel invasion was measured. (D) Cells were transfected with vector control or FOXO3a.TM and shRNA directed
against MMP-9 and MMP-13. Matrigel invasion was measured. FOXO3a expression was controlled by immunoblot analysis (not shown). Error
bars shown represent standard deviations. P values were acquired with the t test, using GraphPad software. P values indicate statistical significance.
All results are typical of three independent experiments.
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FOXO3a-mediated induction of MMP-9 and MMP-13 trans-
lates into release of mature and active MMP-9/MMP-13, we
performed in-gel zymography. Expression of active FOXO3a
increased gelatinase activity at molecular masses correspond-
ing to MMP-9 and MMP-13 (Fig. 5A; see also Fig. S4B in the
supplemental material). Immunoblot analysis of culture media
collected from transfected cells also revealed that these activ-
ities were due to the secretion of active MMP-9 and MMP-13
(Fig. 5B). Similarly, the induction of FOXO3a signaling by
serum deprivation led to an increase in MMP expression (see
Fig. S5 in the supplemental material). We also knocked down
FOXO3a using shRNA and then determined the expression
and activity of MMP-9 and MMP-13. We found that depletion
of FOXO3a decreased the expression of MMP-9 and MMP-13
(Fig. 5C), and this directly translated to a decreased activity of
both MMPs (Fig. 5D). In addition to a reverse genetics ap-
proach to decrease FOXO3a activity, we also expressed a con-
stitutively active Akt allele to attenuate FOXO3a activity. Un-
der these conditions we found that activated Akt also
downregulated the expression (Fig. 5E) and activity (Fig. 5F)
of both MMPs.

MMP-9 and MMP-13 contribute to cellular invasiveness.
To demonstrate that MMP induction contributes to cellular
invasiveness through Matrigel, cells were treated with the
MMP-9/MMP-13 inhibitor [N-hydroxy-1-(4-methoxyphenyl)
sulfonyl-4-(4-biphenylcarbonyl)piperazine-2-carboxamide]
(8). Selective inhibition of MMP-9/MMP-13 blocked both
basal as well as FOXO3a-mediated invasion of HeLa and
MDA-MB-435 cells (Fig. 6A and B; see also Fig. S6 in the
supplemental material). Similarly, the knockdown of MMP-9
or MMP-13 expression significantly decreased basal tumor cell
invasiveness through Matrigel (Fig. 6C) as well as FOXO3a-
induced invasion (Fig. 6D). Similarly, ectopic addition of re-
combinant MMP-9 and MMP-13 increased the invasion of
FOXO3a knockdown cells (see Fig. S7 in the supplemental
material). In conclusion, our results implicate that FOXO3a
promotes increased carcinoma cell invasion through the
MMPs MMP-9 and MMP-13.

Correlation of the expression of FOXO3a and MMP in
breast tumors. In normal tissues, MMP-9 and MMP-13 are
absent or expressed at low levels (2, 26). Conversely, increased
expression of both of these metalloproteinases has been de-
tected in numerous solid tumors and has also been causally
linked to tumor expansion and increased invasiveness. For
example, increased MMP-9 and MMP-13 activity is associated
with poor prognosis in colorectal cancer (25) and increased
invasion of squamous cell carcinoma cells in vivo (2, 12). Sim-
ilarly, human tongue carcinoma cell invasion and tumor ex-
pansion have been linked to MMP-9 and MMP-13 catalytic
activity (30). Transgenic mice lacking MMP-9 display a de-
creased incidence of invasive tumors (11). FOXO3a expression
was described as an in vivo marker for mammary gland neo-
plasms (20). Nuclear expression of FOXO3a, which suggests its
activation, had been detected in approximately 70% of invasive
ductal carcinomas of the breast, whereas more than 90% of the
benign tumor cases showed cytosolic staining, which resembles
FOXO3a in an inactive state (20). We first analyzed orthotopic
mouse tumors, which were generated with MDA-MB-231 cells
or MDA-MB-231 cells harboring FOXO3a shRNA for a cor-
relation of FOXO3a and MMP expression. We found that

MMP-9 and MMP-13 expression correlated with the expres-
sion of nuclear (active) FOXO3a (Fig. 7C to H).

To correlate the expression of the direct FOXO3a target
gene MMP-13 with FOXO3a in human carcinoma, we ana-
lyzed tissue microarrays from invasive breast carcinoma. Since
MMPs are secreted and FOXO3a is an intracellular transcrip-
tion factor, it was not possible to demonstrate direct coexpres-
sion of the proteins within cells. However, approximately 70%
of the analyzed human breast cancer tissue sections (44 total
samples, with 35 samples of infiltrating duct carcinoma and 9

FIG. 7. Nuclear FOXO3a correlates with MMP-9 and MMP-13
expression in tumors. Hematoxylin and eosin (H&E) staining and
immunohistochemical staining for FOXO3a (anti-FOXO3a), MMP-9
(anti-MMP-9), or MMP-13 (anti-MMP-13) of orthotopic tumors gen-
erated with either control cells or cell lines where FOXO3a was
knocked down.
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samples of metastatic carcinoma in the lymph nodes) showed
FOXO3a and MMP-13 coexpression (Table 1). Other tissues
samples were predominantly negative for both markers. In all
sections, tumor cells were clearly distinguishable from infiltrat-
ing immune cells or stromal cells. An apparent coexpression of
nuclear FOXO3a with MMP-13 was detected in 69% of infil-
trating breast duct carcinomas from various stages and in 67%
of metastatic carcinoma in the lymph nodes (Table 1; see also
Fig. S8 and S9 in the supplemental material). We also detected
coexpression of FOXO3a and MMP-13 in other tumor types,
such as squamous cell carcinomas in the uterine cervix (data
not shown). The clear coexpression of MMP-13 and FOXO3a
in areas of the tumor sections, together with the functional link
provided by our in vitro data, supports an important role for
FOXO3a in tumor cell invasion and tumor expansion.
FOXO3a and MMP-13 coexpression is not dependent on the
stage of infiltrating breast carcinomas, since approximately
70% of the tissue samples of infiltrating duct and metastatic
carcinomas of all stages (T1 to T4) were positive for both
markers (see Fig. S8 in the supplemental material). Thus,
FOXO3a-mediated expression of MMPs induced by serum
restriction and the increase in the invasive potential of tumor
cells function at all tumor stages and may affect tumor expan-
sion and ultimately tumor metastasis.

Conclusions. A functional role for the FOXO family of
transcription factors in human cancer progression has been
well established by both in vitro and in vivo analyses of signal-
ing pathways which control its transcriptional activity. The
available data have suggested a model whereby in quiescent
cells, the PI 3-K and Akt/PKB pathway is inactive, resulting in
nuclear retention of FOXO3a, enabling the transcription of
inducible genes which promote cell cycle progression and mi-
togenesis or alternatively induce a proapoptotic program (7).
In response to factors such as IGF-1, which promote survival
and proliferation, or genetic lesions in cancer cells, such as
PTEN or PI 3-K mutations which hyperactivate Akt/PKB,
FOXO3a is maintained in an inactive state by nuclear exclu-
sion and cytoplasmic retention. Thus, inactivation of FOXO3a
provides a prosurvival advantage in cancer cells and thus ac-
celerates tumor growth. Consistent with this, a recent analysis
of the distribution of active Akt/PKB and IKK� in tumor
sections revealed a striking correlation with cytoplasmic
FOXO3a (17). However, as a solid tumor grows, serum factors
such as IGF-1 become limiting. This would permit the reentry
of FOXO3a into the nucleus to initiate a transcriptional pro-

gram, which we propose includes the MMPs MMP-9 and
MMP-13 and promotes cell invasion. Although many studies
have clearly shown that FOXO3a is inactive in growing tumors,
primarily due to Akt activation, our’s is the first to demonstrate
a proinvasion function for this transcription factor.

In summary, our data point to an important role for
FOXO3a in promoting tumor expansion and metastasis by
regulating MMP expression and cell invasion, suggesting that
cancer cell survival and cell proliferation are not the sole can-
cer cell phenotypes regulated by this ubiquitous transcription
factor. They also suggest that any therapies under development
to inactivate FOXO3a may be effective at blocking tumor ex-
pansion and metastasis.
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